Ultrastructural Autoradiographic Studies of Keratohyalin Granule Formation*  by Fukuyama, Kimie & Epstein, William L.
THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Copyright 1967 by The Williams & Wilkins Co.
Vol. 49, No. 6
Printed in U.S.A.
ULTRASTRUCTURAL AUTORADIOGRAPHIC STUDIES OF
KERATOHYALIN GRANULE FORMATION*
KIMIE FUKUYAMA, M.D. AND WILLIAM L. EPSTEIN, M.D.
Injected histidine-H3 incorporates rapidly
into sites of protein synthesis in granular
cells of the mammalian epidermis (1, 2). The
resolution allowed by light microscopy was not
sufficient to determine specific subcellular sites
of protein synthesis with injected histidine-
H, but labels clearly were located on or near
keratohyalin granules. A relationship between
keratohyalin granules and histidine-113 was
further confined in studies with turtle epi-
dermis (3) and with parakeratotic lesions of
human epidermis (4). Injected histidine-ll°
was not concentrated in the upper area devoid
of keratohyalin granules and grains were dis-
tributed diffusely throughout the lower and
middle area of the epidermis.
Electron microscopic autoradiography has
been used to study localization of protein in
the cells at the ultrastructural level. These
studies allow demonstration of sites of protein
synthesis as well as intra- and inter-cellular
transport of the synthesized protein (5—7).
The present study is designed to elucidate sites
of histidine-113 incorporation into protein in
granular cells by electron microscopic auto-
radiography with special reference to the re-
lationship between "histidine-rich" protein and
keratohyalin granules.
MATERIALS AND METHODS
Four- to five-day-old rats of the Sprague-Daw-
ley strain, weighing about 7—8 grams were used.
Twenty cc of L-histidine-118 (sp. act. 4 C/M) in
0.1 ml of normal saline was injected intradermally
in the dorsal side. Biopsies were secured at 5, 15,
and 30 minutes, and 1, 3, and 6 hours after injec-
tion. Tissues were fixed in 3 per cent glutaralde-
hyde phosphate buffer solution, pH 7.4, at 4° C
overnight. After washing 4 times with phosphate-
buffered 1 per cent sucrose solution, tissues were
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postfixed for 2 hours in 2 per cent osmium tetrox-
ide buffered with phosphate, pH 7.4, at room tem-
perature. Phosphate-buffered sucrose solution was
used again to wash tissues, and dehydration with
the gradient concentration of ethanol was carried
out. Then tissues were embedded in a mixture of
Epon and Araldite.
Sections were cut for both light microscopy
(0.5 i thick) and electron microscopy (approxi-
mately 800 A thick) on a Reichert ultramicrotome
with glass knives. The thick sections were mounted
on microslides and the thin sections were placed
on stainless steel grids coated with formvar film
and carbon. A dipping method with NTB-2 emul-
sion was used for filming the thick sections. After
3 weeks of exposure at 4° C, the films were de-
veloped with Amidol developer and fixed with
Edwal Quick Fixer. Alkaline mcthylene blue
solution was used to stain those specimens. Ilford
LA emulsion was used for the thin sectiOns with
a modification of a loop method described by Caro
and Tubergcn (8). Specimens were exposed at
4° C for 5—6 weeks and were processed with Ami-
dol developer and Edwal Quick Fixer. Subse-
quently tissues were stained with uranyl acetate
and lead citrate, and examined with the Siemens
Elmiskop IA. Low-power electron micrograms(3,000 X) were obtained covering the total field
(200 mesh grid) and reconstructed as a "mosaic
map" of the whole field to achieve random sam-
ples for counting grains. At the different inter-
vals after injection of histidine-H3, specimens
from two animals were studied for determination
of distribution of grains in the cytoplasm, inside
and outside of kcratohyalin granules. Using 2—3
blocks from each animal, a total of 250 to 1,000
grains were counted in each animal, except in the
animals sacrificed at 15 minutes after injection in
which very few grains appeared and only 50—100
grains could be counted. Specimens obtained at 5
minutes after injection were not included in the
grain counts.
In a separate experiment the possibility was ex-
amined that histidine-H° might he present in the
tissue in a form other than by peptide bonding.
Biopsies were taken at 0.5, 30, and 60 minutes, and
6 hours after injection of histidine-H3. Tissues were
fixed in phosphate buffered 3 per cent glutaralde-
hyde solution at 4° C overnight and were washed
with phosphate-buffered 1 per cent sucrose solu-
tion for 3 hours. After dehydration in gradient
ethanol, specimens were divided into two samples.
These were pulverized separately in a glass ho-
mogenizer. Sample 1 was suspended in 5 per cent
trichloracctic acid, homogenized for 5 minutes, and
left at room temperature for 15 minutes. The sam-
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pies were filtered through a paper and the residues
were washed twice with 5 per cent triehioracetie
acid. The filtrate and wash were collected for
radioactivity counting by a Beckman Liquid
Scintillation Counter. Sample t12 was suspended
in 1 mM of EDTA, pH 8.0 and incubated at room
temperature for 1 hour with occasional homogeni-
zation, filtered and the remaining residue washed
twice with 1 mM EDTA; the collected filtrate
and wash were counted as above.
RE5IJLT5
Light Microscope Autoradiography
Thick section preparations revealed es-
sentially the same results obtained from par-
afflu section autoradiography previously pre-
sented (1, 2). Concentration of labels is much
higher in the granular layer as compared with
the spinous and basal layers. However, speci-
mens secured at 15 minutes after injection of
histidine-H' indicated very little labeling over
granular cells (Fig. la). At 30 minutes and 1
hour after injection, the number of grains ap-
siderably and labels localized near or over
keratobyalin granules (Fig. ib). A high con-
centration of histidine-H' in keratobyalin
granules became obvious at 6 hours after in-
jection (Fig. le).
Electron Microscope Autoradiography
At 5, 15, and 30 minutes after injection,
most of tbe labels in granular cells were lo-
cated outside of keratohyalin granules (Fig.
2). Many labels appeared to be associated with
touofibrils, some were near keratohyalin gran-
ules and others were near desmosomes (Fig.
5a). The size of developed silver grains was
too large to determine whether histidine-H8
incorporation was related specifically to ribo-
somes. However, ribosomes appear so abun-
dantly in granular cells that it is very possible
labels did result from histidine-H' incorpora-
tion in or on ribosomes located near tonofi-
brils.
One hour after injection, the number ot
labels appearing over keratohyalin granules in-
creased (Fig. 6). Labels were seen not only over
the larger keratohyalin granules located in the
outermost layers, but also over smaller gran-
ules scattered throughout the inner layers.
Most were situated at the edge of the kera-
tohyalin granules, and sometimes an apparent
attachment of tonofibrils to keratohyalin
granules was observed at the sites of labeling.
In some eases, two or more keratohyalin
granules were connected through tonofibrils
and labels appeared between them (Fig. Sb).
About half the labels were located over kerato-
byalin granules at 3 hours (Fig. 3) and by 6
hours after injection 75 per cent of labels ap-
peared over keratohyaliu granules. Most of
these were observed in the center portion of
the granules (Fig. 4). Groups of silver grains
were observed also in the eornified layer at
these intervals, confirming previous light mi-
croscopic observations (1, 2).
Nature of Radioactivity Present in
Glutaroldehyde Fixed Tissues
The amounts of radioactivity appearing in
5 per cent trichloraeetic acid and in 1 mM
EDTA compared with the total radioactivity
present in tissue specimens are summarized
in Table I. Tissues obtained immediately af-
ter injection contained 5—6 per cent of tn-
chloracetic acid-soluble radioactivity, presum-
ably non-protein histidine-H', but specimens
obtained at 6 hours after injection contained
negligible amounts. Radioactivity soluble in 1
mM EDTA solution, which is considered to be
histidine-H' chelated through metals to pre-
existing tissue constituents such as proteins (9),
was 1—4 per cent of total radioactivity, regard-
less of the intervals after injection.
DISCUSSION
Injected histidine-H' rapidly appeared in
granular cells as detected by both light and
electron microscopic autoradiography. Meth-
ods of tissue preparation for autoradiography
have generally been shown to exclude free
amino acids administered, and the labeling
first observed is therefore considered to indi-
cate sites of amiuo acid incorporation into
newly synthesized protein (10, 11). However,
a theoretical possibility exists that the re-
action of protein through a diazonium salt
occurs with imidazole group of histidine, and
injected histidine-H3 may chelate through
metals to pre-existing protein. Another prob-
lem is the recent finding that hiuding of
labeled amino acids to tissues occurs after use
of several fixatives for electron microscopy
(6, 12). In this study, separate experiments
were conducted to determine the amount of
non-protein histidine-H' present in the tissue.
Radioactivity soluble in 5 per cent cold tn-
Fios. ia—ic. Light microscopic autoradiography of newborn rat epidermis at 15 minutes(la), and 3 (ib) and 6 (lc) hours after injection of histidine-113. Figure la demonstrates
labels appearing rapidly in granular cells. Most of them are located outside of keratohyalin
granules. An increase in the number of labels (Fig. ib) and a high concentration of labels
over keratohyalin granules (Fig. lc) are observed.
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Fia. 2. Electron microscopic autoradiography of the newborn rat epidermis at 15 minutes
after injection of histidine-113. Incorporation of histidine-W appears outside of keratohyalin
granules (3,000 X 2.75 magnification).
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FIG. 3. Electron microscopic autoradiography of newborn rat epidermis at 3 hours after
injection of histidrne-H3. Labels appear at the edge of keratohyalin granules of various
sizes (3,000 X 2.75 magnification).
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Fia. 4. Electron microscopic autoradiography of newborn rat epidermis at 6 hours after
injection of histidine-H3. Labels are situated at the center of keratohyalin granules.
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Fic. 5a. A high magnification of the initial sites of injected histidine-H3 into the granular
cell. Labels are associated with tonofibrils located near cell membranes and keratobyalin
granules (10,000 X 2.75 magnification). .
FIG. Sb. Labels often appear at the sites of tonofibril insertion into keratohyalrn granules.
Note two keratohyahn granules (arrow) connected through labeled tonofibrils.
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FIG. 6. Distribution of silver grains inside and
outside of keratohyalin granules at various inter-
vals after injection of histidine-H3. A—A =
of grains located outside of keratohyalin granules.
0—— —o = % of grains inside kcratohyalin gran-
ules.
TABLE I
Intervals Trichloraceticacid soluble (%) EDTA soluble
1/2 minute
30minutes
45 minutes
6 hours
3.5—6
0.3-1.6
0.4
0.2—0.3
3.9
2.3
3.0
1.5
chloracctic acid appeared as high as 6 per
cent at a half minute after injection if his-
tidine-H3, but this soluble material decreased
rapidly, and by 30 minutes only 0.3 per cent to
1.5 per cent of total radioactivity in the skin
was considered to be non-protein histidine-
H8. The relatively large amount of radio-
activity present in trichloracctic acid solu-
tion after a half minute may be due to some
contamination by small polypeptides contain-
ing histidinc-H3 as precursors of larger poly-
peptides which appear at the later intervals.
Likewise, EDTA solubilizcd only small
amounts of radioactive material (1.5 to 4%).
Since the amount is insignificant for the final
autoradiographic interpretations, the ques-
tion of whether this soluble material is non-
protein or protein-H3 solubilizcd by the metal
chelator was not pursued. In any event, the
present method of skin preparation was con-
sidered suitable for localization of newly
synthesized protein by electron microscopic
autoradiography.
At 5 and 15 minutes after injection, radio-
activity was scattered throughout the cyto-
plasm. Many labels were associated with
tonofibrils located near keratohyalin granules
or desmosomes. Although the resolution is in-
adequate for localization of radioactivity to
ribosomes, it seems reasonable to consider that
ribosomes observed near tonofibrils were in-
volved in incorporation of histidine-H5 into
protein. Rhodin and Reith (13) have postu-
lated that free ribosomes located near tono-
fibrils may participate in the increase in
thickness of tonofibrils. Possibly a histidine-
rich protein acts to consolidate the fibrils in
granular cells.
The number of labels appearing inside
keratohyalin granules increased gradually, in-
dicating migration of a radioactively labeled
protein from the initial synthesis sites into
keratohyalin granules. The observations that:
1) keratohyalin granules containing radio-
activity varied in size and were located all
through the granular layer, and 2) tonofibrils
often inserted into or connected the labeled
sites of keratohyalin granules, led us to con-
clude that newly synthesized histidine-rich
protein and tonofibrils in the granular layer
moved together and this resulted in the forma-
tion of keratohyalin granules. Brody has stated
that growth of keratohyalin granules seems to
take place through the embedding of tonofila-
ments into the granules (14), whereas Rhodin
and Reith put forward the view that both
tonofibrils and keratohyalin granules grow in-
dependently from ribosomes surrounding these
structures (13). Our observations indicate
that tonofibrils aggregate after a "histidine-
rich" protein is added, and form keratohyalin
granules most probably in conjunction with
other substances such as lipids. (Fig. 7 por-
trays our concept.)
At 6 hours after injection, labels appeared
in the center portion of keratohyalin gran-
ules, surrounded by unlabeled material, indi-
cating further protein and tonofibril aggrega-
tion to the granules after the initially labeled
0
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protein had been incorporated. Aggregation of
tonofibrils to enlarge keratohyalin granules
seems to be a continuous process in granular
cells. This is preceded by the addition of a new
protein to the fibrilar protein of tonofibrils,
which presumably was synthesized in the
lower areas of the epidermis.
At the next stage, radioactivity was de-
tected in the cornified layer as previously ob-
served by light microscopy autoradiography
(1, 2), demonstrating that labeled protein
forming keratohyalin granules contributed to
the cornified material in horny cells. This
finding also supports the idea that keratohya-
lin granules arc an intermediate precursor of
keratin as proposed by Brody (14). The
main question remaining is what is the
specific role played by this newly synthesized
protein in the kcratinization process? "Histi-
dine-rich" protein may represent an inter-
filamentous material of keratohyalin granules
and remain as the intcrfilamcntous matrix in
cornified cells. Another possibility is that
this protein is added to constituents of tono-
fibrils and actually becomes involved in mor-
phological changes occurring in tonofibrils
Rio. 7. Schematic representation of the process
involved in formation of keratohyalin granules and
soft keratin. "Histidine-rich" protein added to
tonofibrils in granular cells aggregate and form
keratohyalin granules. Other substances such as
lipids may contribute to this process. As korato-
hyalin granules increase in size, more "histidine-
rich" protein added to tonofibrils accumulates on
keratohyalin granules and this results in soft kera-
tin.
within granular cells, and that it eventuates
as the unstained filaments observed in cornified
cells.
SUMMARY
1. Incorporation of histidinc-H' into newly
synthesized protein in granular cells of new-
born rat epidermis was studied by means of
electron microscopic autoradiography.
2. Synthesis sites of "histidine-rich" pro-
tein are associated with tonofibrils located
near keratohyalin granules and cell mem-
branes.
3. Tonofibrils aggregate after this protein is
added and form kcratohyalin granules, prob-
ably in conjunction with other substances
such as lipids. This process continues to form
large keratohyalin granules located in the
outermost layer of granular cells. These are
direct precursors of cornified cells.
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